We propose a new model for the c(4 × 2) phase of sulfur adsorbed on Au(110). This is a reconstruction achieved by short-range rearrangements of Au atoms that create a pseudo-4-fold-hollow (p4fh) site for adsorbed sulfur. The model is based partly upon the agreement between experimental STM images and those predicted from DFT, both within c(4 × 2) domains and at a boundary between two domains. It is also based on the stability of this structure in DFT, where it is not only favored over the chemisorbed phase at its ideal coverage of 0.25 ML, but also at lower coverage (at T = 0 K). This is compatible with the fact that in experiments, it coexists with 0.06 ± 0.03 ML of sulfur chemisorbed on the (1 × 2) surface. The relative stability of the c(4 × 2) phase at 0.25 ML has been verified for a variety of functionals in DFT. In the chemisorbed phase, sulfur adsorbs at a pseudo-3-fold-hollow (p3fh) site near the tops of rows in the (1 × 2) reconstruction. This is similar to the fcc site on an extended (111) surface. Sulfur causes a slight separation between the two topmost Au atoms, which is apparent both in STM images and in DFT-optimized structures. The second-most stable site is also a p3fh site, similar to an hcp site. DFT is used to construct a simple lattice gas model based on pairs of excluded sites. The set of excluded sites is in good qualitative agreement with our STM data. From DFT, the diffusion barrier of a sulfur atom is 0.61 eV parallel to the Au row, and 0.78 eV perpendicular to the Au row. For the two components of the perpendicular diffusion path, that is, crossing a trough and hopping over a row, the former is considerably more difficult than the latter.
INTRODUCTION
There are many motivations to understand the interaction of sulfur with coinage metal surfaces, particularly when those metals are in the form of nanoparticles. The coinage metals can be useful as nanoparticles because of their plasmonic and catalytic properties, oxidation-resistance, and (in the case of Au) unique suitability as platforms for self-assembled monolayers. 1 Within the context of these properties, sulfur is an important adsorbate. In self-assembled monolayers of alkanethiols on Au, S anchors the molecular scaffold to the surface, and so Au−S chemistry is critical. 2 Also, S can strongly inhibit or accelerate transport of metals on Cu, Ag, and Au surfaces, which in turn can affect the stability of nanostructures. For instance, sulfur can be a capping agent and anticoagulant for Au nanoparticles. 3 In other circumstances, it can accelerate coarsening of surface-supported Cu and Ag nanoparticles via the formation of mobile metal-S complexes. 4 We are conducting a systematic survey of the interaction of sulfur with coinage metal surfaces, including Au surfaces, under conditions of ultralow coverage and low temperature. This regime is essentially uncharted, perhaps because the default expectation is that one will simply find isolated chemisorbed adatoms. On the contrary, this regime is rich with unexpected phenomena, including new ordered structures 5 and stoichiometric surface−metal complexes. 6, 7 In this paper, we report an exploration of the interaction of sulfur with Au(110). No complexes form in this system (under the conditions of our experiments), but we find an intriguing condensation of sulfur adatoms at low coverage into a surface reconstruction. This is the first time this system has been characterized using direct imaging at the atomic scale, which in this case is achieved with scanning tunneling microscopy (STM). Interpretation of the experimental data relies heavily on theoretical analysis, primarily density functional theory (DFT).
Bulk-terminated Au(110) is a row-and-trough structure. However, this (1 × 1) surface reconstructs into a (1 × 2) structure in which every other row is missing. This exposes deeper troughs with sides that can be considered (111) microfacets. 8−11 Adsorption of sulfur on this surface has been studied previously, although the methods of producing the surface differ considerably. This is because exposure to gasphase H 2 S is a convenient and conventional route to sulfur adsorption on most surfaces, but for Au(110) the sticking coefficient of H 2 S is very low. To circumvent this, conditions of relatively high H 2 S pressure 12 have been used, and also lowtemperature adsorption followed by electron beam irradiation. 13 Exposure to S 2 (g) via an electrochemical cell has also been used, 14 and it is the method of choice in this work. We review the results of past studies briefly now, though comparisons must be taken with some caution because of this wide variation in experimental conditions. Kostelitz et al. 12 exposed the surface to H 2 S at 10 −3 Torr. They constructed a phase diagram, using radioactive tracer 35 S to calibrate absolute sulfur coverages (θ S ). Reversible phase boundaries were identified using low-energy electron diffraction (LEED). At 300 K, they identified a narrow coverage range of (1 × 2) phase (i.e., sulfur chemisorbed on the intrinsic metal surface), a broad coexistence range of (1 × 2) and c(4 × 2) phases, and then a broad region of c(4 × 2) phase alone. They reported sulfur coverage in absolute terms of g/cm 2 . If those values are converted to absolute monolayers (ML) relative to the unreconstructed (1 × 1), the (1 × 2) phase existed alone up to 0.08 ML, and coexisted with the c(4 × 2) phase up to 0.36 ML (at 300 K). The c(4 × 2) phase then existed alone from 0.36 to 0.54 ML and was replaced by other structures at higher coverage. Kostelitz et al. 12 proposed that the c(4 × 2) structure was a coincidence lattice of adsorbed sulfur atoms (S ad ) on the (1 × 1) with ideal coverage 0.75 ML, even though the c(4 × 2) completely disappeared well before that coverage.
Jaffey et al. 13 studied this system using temperatureprogrammed desorption (TPD) and AES. They prepared the sample using H 2 S exposure at 105 K and electron-beam irradiation. Like Kostelitz et al., they observed three stages of order via LEED, as a function of increasing sulfur coverage: (1 × 2) alone, coexistent (1 × 2) and c(4 × 2), and finally, pure c(4 × 2).
Krasnikov et al. 14 used an electrochemical source to deposit S at 300 K. After extensive annealing at elevated temperature, which was accompanied by loss of S ad via desorption, they observed new LEED patterns corresponding to p(4 × 2) and c(4 × 4) structures, with coverages of 0.13 and 0.2 ML, respectively. The intensity−voltage (I−V) curves of the p(4 × 2) structure were nearly identical to those of the clean (1 × 2) surface, leading Krasnikov et al. to conclude that this was a chemisorbed phase on the (1 × 2) Au surface. They suggested that S adsorbs in sites at the bottom of the troughs between Au rows.
Most recently, Lahti et al. 15 reanalyzed the p(4 × 2) structure using DFT and LEED. Like Krasnikov et al., they concluded that it is a chemisorbed phase, but unlike Krasnikov et al., they determined that S adsorbs at a pseudo-3-fold-hollow (p3fh) site on the side wall of the trough.
In summary, a variety of phases have been reported for S ad on Au(110). At room temperature, the phases are (1 × 2) and c(4 × 2), but neither has been identified or explored with STM or DFT. The accepted model for the c(4 × 2) phase has an ideal coverage of 0.75 ML, but experimental data appear more compatible with significantly lower values. 12 In this paper, we directly observe a disordered chemisorbed phase on the (1 × 2) reconstruction. We also observe and characterize a c(4 × 2) phase that coexists with low coverages of S ad in the chemisorbed phase This is compatible with the two earlier reports 12,13 of (1 × 2) and c(4 × 2) phase coexistence. However, we propose a new model for the c(4 × 2) phase in which the ideal sulfur coverage is 0.25 ML. It is a reconstruction that is displacive, that is, one in which the density of Au adatoms is conserved. Consequently, the chemisorbed (1 × 2) phase can transform to the c(4 × 2) phase via local Au rearrangement. The c(4 × 2) phase exists as large and nearperfect domains, without the small islands that would be the normal remnants of a nucleation and growth process. This paper is organized as follows. Section 2 describes the experimental and computational methods. Section 3 presents the results, organized around individual surface phases and features. Section 4 discusses the results and places them in the context of existing literature.
EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. Experimental Description. These experiments were carried out with the same equipment and techniques, as used in our previous studies of S on Au(111), 5 S on Ag(111), 16 and S on Cu(111). 6, 17 In short, the experiments were performed at RIKEN Surface and Interface Laboratory in Wako, Japan. The sample was imaged with STM at 5 K in ultrahigh vacuum (pressure < 6.0 × 10 −11 Torr). An electrochemical cell served as the S source in situ. 18 Coverage was determined from STM images as described below.
During S deposition, the sample was held at 300 K, then cooled to 5 K for measurement. Cooling and thermal stabilization at 5 K took place in 50 min or less. After initial STM measurements, the sample was warmed back to room temperature and recooled to 5 K, with no effect on the observations at 5 K. During imaging, there was no evidence of tip perturbation or surface diffusion; surface structures were entirely static. For most images after sulfur adsorption, the tunneling current (I) was 1.00 to 1.80 nA, and the sample bias (V S ) was −1.0 to +1.0 V. Exact tunneling conditions are provided in the Supporting Information.
The single crystal Au(110) sample was cleaned via several cycles of Ar + sputtering (10−15 μA, 1.55 kV, 10 min) and annealing (735 K, 10 min).
The accuracy of STM-derived spatial dimensions was checked by measuring a 1 and 2a 2 , which are the atomic separation of surface Au atoms in the clean (1 × 2) reconstruction along the [11̅ 0] direction (parallel to the close-packed rows) and [001] direction (perpendicular to the rows), respectively (see Figure 1a) . These experimental values were 0.30 ± 0.01 and 0.82 ± 0.02 nm, respectively. Within stated uncertainties, these equal the bulk parameters 19 of 0.288 and 0.816 nm, respectively. The measured height of monatomic steps on Au(110)-(1 × 2) was 0.13 ± 0.01 nm, in agreement with the bulk interplanar spacing of 0.144 nm.
Two types of sulfur coverage θ S were determined: coverage on the (1 × 2) reconstructed areas, θ S
1×2
, and total coverage, θ S tot . The former was obtained from the number of bright dots in STM images per unit area on the (1 × 2) structure, divided by the number of Au atoms per unit area in a bulk (110) plane. When the c(4 × 2) was present, its contribution to θ S tot was determined by measuring its fractional area and assigning it a sulfur coverage of 0.25 ML, as justified in Section 3. Our experiments spanned the range 0.01 ≤ θ S 1×2 ≤ 0.09 and 0.01 ≤ θ S tot ≤ 0.17.
Computational Description.
To assess relative stabilities of surface structures, we used the VASP code with the projector-augmented wave (PAW) method 20 and the PBE The Journal of Physical Chemistry C Article functional. 21 Details have been given elsewhere. 7, 22 Cutoff energy for the plane-wave basis set was 280 eV. For each supercell, we used a minimal k-points grid that corresponded to the (12 × 8 × 1) grid for the primitive unit cell as closely as possible. Denser k-points grids that corresponded to the (24 × 17 × 1) grid were used in select cases to achieve higher precision.
The quantum size effect (QSE) can be strong in noble metals, particularly for (110) surfaces, leading to oscillations in energetics with slab thickness. 9, 23 Precise estimation of energetics (within 8 meV or better) can be achieved by averaging over slab thicknesses. 24 In this work, chemical potentials or formation energies were calculated using a range of slab thickness L = 7−12. Here we used thicker slabs than in previous work with Au(111) 5 because of the strong QSE. Energy uncertainties were derived from variations due to slab thicknesses 24 and are denoted in parentheses. For example, 2.41(8) eV can be read as 2.41 ± 0.08 eV.
Simulated STM images were generated with L = 5, using the Tersoff−Hamann method. Unless noted otherwise, the images were based upon integration over an energy window bracketing E F by ±0.1 eV. In all depictions of DFT-optimized configurations, or DFT-based STM simulations, the [11̅ 0] direction is vertical and the [001] direction is horizontal, which is very close to the orientation of the STM images, as shown in Figure 1 . 25 
EXPERIMENTAL AND COMPUTATIONAL RESULTS
3.1. Overview. Typical images of the clean Au(110)-(1 × 2) surface are shown in Figure 1 at three magnifications. The bright, nearly vertical rows in the topographic images are the topmost rows of Au in the reconstruction. The result of sulfur adsorption on this surface is shown in Figure 2 , with increasing sulfur coverage. Sulfur adsorption produces a phase consisting of bright spots on the (1 × 2) regions at low coverage, as well as a distinctive, large-scale phase at higher coverage. The first of these is the chemisorbed phase. The second is the c(4 × 2) phase, based on the lattice parameter and orientation of its features. These phases are discussed individually below, where the experimental interpretation relies heavily upon DFT.
In DFT, we have made an extensive survey of many possible configurations and reconstructions. In the following text, only the most salient results from this broad search are given, that is, those most important for interpreting the experimental data. Figure 3a . Bright dots appear to be randomly located on the (1 × 2) surface. Each spot is close to, but slightly off-center from, the top row of Au atoms.
We assign the bright spots as individual sulfur adatoms (S ad ), based on analysis of DFT energetics and corresponding simulated STM images.
For S ad on the (1 × 2) surface, DFT indicates that S binds to two Au atoms in the protruding row, and to a third Au atom along the side of the trough, as shown in Figure 3b . This p3fh The Journal of Physical Chemistry C Article site is consistent with the off-center location of the bright spots in STM. It is the same site identified by Lahti et al. 15 for a different chemisorbed phase. From DFT, the second-moststable site on the (1 × 2) surface has S ad coordinated to one Au atom in the top of the row, and two Au atoms along the side of the trough. Hence, this is also a p3fh site, but it involves a different combination of Au atoms. (This site was overlooked by Lahti et al. 15 in their ranking of adsorption site energetics on the basis of DFT. The remainder of their ranking is consistent with our calculations.) The second p3fh site is important because it plays a role in diffusion, discussed below.
Our STM and DFT also provide new structural information. Each S ad spot is accompanied by an indentation in the row of Au atoms, which makes the Au rows appear slightly nonlinear. The arrow in Figure 3a points to one such indentation. DFT indicates that this is due to a separation between pairs of top Au atoms adjacent to each S ad 14% larger than in the bulk. The indentation is reproduced well in the simulated STM image of Figure 3c .
Rarely, we observe other types of features on the (1 × 2), such as clusters of very bright spots. An example is encircled in Figure 2c . However, these are infrequent and irregular in shape. In the coverage range studied herein, individual S ad is certainly the dominant motif on the (1 × 2) regions.
Characteristics of S ad in STM. Most of our STM experiments are conducted in a range of tunneling parameters from −1.0 V to +1.0 V and 1.0 nA to 1.8 nA. Within this range (and even down to V S = −3.0 V), there is no systematic trend in the area (A) or height (ΔH) of the S ad features. The values are A = 0.15 ± 0.03 nm 2 and ΔH = 0.039 ± 0.001 nm. For both quantities, the highest point in the row of Au atoms is defined as baseline. The value of ΔH is at least a factor of 2 lower than the vertical internuclear separation between S ad and the topmost Au atom, which is 0.096−0.114 nm from DFT (depending upon exactly which Au atom in the adjacent row is the reference point). This follows a pattern established in previous STM+DFT studies of S/Ag(111), 26 S/Au(111), 5 and S/Cu(111). 6, 17 Apparent heights in STM of S ad , S-containing complexes, and even S-induced reconstructions are smaller than atomic dimensions. At present, this effect is not understood.
Step Edges. Steps of the chemisorbed phase contain some S ad , but the concentration is about the same as on the terraces. In other words, the steps are not preferentially decorated with S ad . This is true both for steps parallel to the atomic rows and those cutting across the rows. Evidence is given in Figure 4 . This contrasts the (111) surface of Au, as well as Cu and Ag, where there is strong preferential adsorption at steps.
The reason for this relative inertness is that steps on the reconstructed (110) do not offer adsorption sites that differ (locally) from sites on the terraces. Steps parallel to the rows present a (111) microfacet, like the (111) microfacets of the (1 × 2) reconstructed terraces, but deeper. 27, 28 These can accommodate S ad at p3fh sites, like the two adatoms on the long step edge in Figure 4a . However, the rows occasionally terminate in large, bright features that could be localized Sinduced reconstructions or complexes. An example is visible in Figure 2d .
Adsorption Energy, Interactions, and Coverage Effects. Figure 5 shows μ S r versus 1/ θ S , for supercells spanning coverages from 0.06 to 0.50 ML. (In Figure 5 , 1/θ S is the preferred abscissa because it is the thermodynamic conjugate to μ S . 29 ) The linear segments connect a series of simple structures, all with S ad in the same (optimized) adsorption site on the (1 × 2) surface and one S ad per supercell. We define this series of linear segments as the baseline energetics, against which other, more complex structures can be compared. Figure 5 shows that the adsorption energy of these configurations depends only weakly on sulfur coverage between 0.06 and 0.25 ML. This means that the value μ S r = −1.320(8) eV, at lowest coverage, is a good approximation to the value in the limit of zero coverage.
The value μ S r = −1.320(8) eV is significantly higher than the value −1.476 eV reported by Lahti et al. 15 An examination of differences between the two calculations, and their effects on μ S r , reveals that the main source of discrepancy is the energy of S 2,g , E(S 2,g ). This energy is a reference point for μ S (cf. Supporting Information). We use spin-polarized DFT to determine this quantity, whereas Lahti et al. used nonspinpolarized DFT. The ground state of a S 2 molecule (as in O 2 ) is the triplet state with two unpaired electrons. From DFT, the singlet state is 0.54 eV (or 0.27 eV per S atom) less stable than the triplet state. On the other hand, for dissociated S atoms adsorbed on the surface, the ground state is generally not spinpolarized. Thus, it is important to take into account the different spin properties when calculating the absolute adsorption energy of S.
Information about S ad −S ad interactions can be extracted from DFT calculations of the energetics of suitably selected adlayer configurations. Some relevant configurations are shown in Figure 6 with associated values of μ S r . We regard Figure 6a as a benchmark configuration that provides the adsorption energy We have used this information to construct a rudimentary lattice-gas (LG) model as follows. All configurations with μ S r > −1.28 eV (about 50 meV above the baseline value at θ S 1×2 = 1/ 16 ML) are considered to incorporate strongly repulsive pairwise interactions. This leads to a set of exclusion rules, in which the pairs of sites shown by arrows in Figure 6j cannot be occupied simultaneously. These pairs are described as first and third nearest neighbors (NN) parallel to a row (vertical arrows), and first, second, and third NN crossing a row (horizontal and diagonal arrows). Notably, second NNs parallel to a row are still allowed.
Turning now to experiment, STM images are shown in Figure 7a , b, and d−f for chemisorbed phase coverages of 0.01 to 0.09 ML. Above 0.03 ML, it becomes increasingly common to find pairs of S ad located in second NN sites along a row or diagonally adjacent or directly adjacent across a trough. Occupation of all of these pairs of sites is compatible with the LG model, that is, they are not excluded. Conversely, the excluded pairs, such as the third NN pair parallel to a row, are not observed in experiment.
Monte Carlo simulations of the LG model, at 0.02 and 0.08 ML, are shown in Figure 7c and g, respectively. The simulated adlayer configurations are qualitatively compatible with the experimental observations. In particular, the simulation at 0.08 ML contains short chains of S ad in second NN sites parallel to rows. Similar chains are obvious in experimental data, especially in Figure 7f . In addition, both the model and the STM data show pairs of S ad that are directly adjacent (facing) across troughs.
The DFT results in Figure 6 could be modeled by a more sophisticated LG with finite pairwise interactions. However, at this stage, there are no extensive DFT energetics to validate such a detailed model (i.e., to determine whether a systematic cluster expansion approach is necessary) nor enough STM data to compare with the results.
Diffusion Barrier. We use the Nudged Elastic Band (NEB) method 30 to determine the diffusion pathways of S ad between energetically equivalent p3fh sites and the associated potential energy surface.
In one path, S ad moves parallel to the rows. The energy variation along this path is shown in Figure 8a . The adatom moves from the stable p3fh site, through an asymmetric transition state, to the metastable p3fh site discussed earlier. In another path, S ad moves perpendicular to the rows. This can be broken down into two parts. The first, motion over tops of rows, is shown in Figure 8b . In the transition state, S ad is at the 2-fold bridge site atop the row, and E d = 0.50(1) eV. The second part, motion across troughs, is represented in Figure 8c . This diffusion path is complex, with more than one metastable state. The energy landscape is relatively flat when S ad is close to the middle of the trough. For this path, E d = 0.78(1) eV.
From this information, diffusion parallel to the rows has a significantly lower barrier than diffusion perpendicular to the rows. However, local hopping of S ad across the top of a row has an even lower barrier and, hence, is most easily activated. Consequently, motion parallel to the rows will be accompanied by hopping across the top of the row, resulting in a rough zigzag motion, a combination of Figure 8a and b. While crossrow hopping cannot contribute directly to long-range transport parallel to rows, it may contribute to local equilibration of the adlayer.
If the hop rate is 0.1 s −1 at the temperature (T f ), where S ad becomes effectively immobilized and the pre-exponential factor is 10 12±1 s −1
, then E d = 0.605 eV means that T f = 220 ± 20 K for diffusion along the rows. Similarly, E d = 0.78 eV yields T f = 280 ± 20 K for diffusion perpendicular to the rows. This rough estimate of T f shows that immobilization takes place well above the temperature of observation, 5 K, but below the temperature of adsorption, 300 K. find smaller c(4 × 2) islands that would be the natural signature of a nucleation and growth process. The degree of perfection is illustrated by the high-magnification images in Figure 9c ,d. The sulfur coverage on the (1 × 2) regions is 0.06 ± 0.03 ML when c(4 × 2) domains are present. Thus, the c(4 × 2) phase coexists with a low coverage of sulfur in the chemisorbed phase. Similarly, Kostelitz et al. 12 reported that the c(4 × 2) phase emerged at a low sulfur coverage of 0.08 ML at 300 K.
Model for the c(4 × 2) Structure. We have carried out an extensive DFT-based search for structures that are both energetically competitive with the chemisorbed phase at low coverage, and compatible with the observed STM images. The Journal of Physical Chemistry C Article Among these, the configuration shown in Figure 10a , with ideal coverage 0.25 ML, emerges as a uniquely strong candidate.
With μ S r = −1.338(6) eV, represented by the open diamond in Figure 5 , it is more stable than the p(2 × 2) configuration of the chemisorbed phase, which is the benchmark at this coverage. It is even more stable than the p(4 × 4) configuration of the chemisorbed phase at a sulfur coverage of 0.06 ML, where μ S r = −1.320(8) eV at 0 K. The simulated STM image in Figure 10b is also a good match with experiment, shown at appropriate scale in Figure  10c . In this model, the bright spots are S ad , following the usual trend in STM images with adsorbed sulfur. 5, 6, 22 In both the simulation and the experiment, faint lines of intensity connect the bright spots along the diagonals but not along the horizontal directions. According to the model of Figure 10a , these faint lines correspond to lines of coplanar Au atoms (blue circles) that are diagonally, but not horizontally, contiguous. Their presence in both experiment and theory provides further evidence in favor of this model.
In the model in Figure 10a , S ad occupies p4fh sites created by surface reconstruction. This reconstruction's relation to the (1 × 2) structure is shown in Figure 11 . Considering first only the surface without S ad , the reconstruction in Figure 11b forms when one of the rows of Au in the (1 × 2) second layer rises and the adjacent top row drops lower, so that both become coplanar. This new pair of top rows (blue) also shift laterally, covering a small subsurface void visible in the side view of Figure 11b . From the top view it can be seen that the pair of rows creates a strip of p4fh sites, so we call this the "strip" reconstruction. A further rearrangement is shown in Figure 11c , where alternating pairs of atomic rows shift along the [001] direction. This creates a c(4 × 2) structure and preserves all of the coplanar p4fh sites. We call this the "checkerboard" reconstruction.
The formation energies of the reconstructions in Figure  11b ,c are positive, consistent with their absence on real, clean surfaces. However, the checkerboard reconstruction, when decorated with S ad in the p4fh sites (defined by the blue circles in Figure 11c ), is the observed c(4 × 2). Its stability derives, at least in part, from the presence of p4fh sites for sulfur adsorption, whereas only p3fh sites are available in the (1 × 2) reconstruction. By this argument alone, the strip reconstruction in Figure 11b should also be stabilized by sulfur adsorption, but it is not. Its chemical potential when decorated with 0.25 ML of S ad [forming a p(2 × 2)] is represented by the asterisk in Figure  5 . It is far less stable (by 0.128 eV) than the c(4 × 2), and it is also less stable than S ad on the (1 × 2) at the same coverage. At present the reason for its relative instability is unclear.
It is also informative to compare the S-decorated checkerboard structure with an alternate c(4 × 2) structure, also with 0.25 ML S ad . Here, S ad sits in the middle of four Au atoms in an unreconstructed (110) surface, as shown in Figure 12a . While the simulated STM image is reasonable, the value of μ S r is 0.704 eV higher than that of the checkerboard c(4 × 2). Closer inspection of the geometry shows that S ad only bonds strongly with the Au atom directly beneath it; it is too far from the four Au atoms surrounding it.
To increase the Au bonding with S ad , we move the four Au atoms closer together. The resulting DFT-optimized configuration is shown in Figure 12b . It is even less favorable energetically. Furthermore, the density of Au atoms is not the same as the (1 × 2) phase. However, the favored c(4 × 2) structure can be generated from the structure of Figure 12b , simply by adding two Au atoms in each space between the topmost Au rectangles and allowing relaxation. The added Au Optimized configurations of two c(4 × 2) structures, different than the checkerboard model, both closely related to the unreconstructed Au structure. The color scheme is the same as described for Figure 5 .
The Journal of Physical Chemistry C Article atoms would correspond to the white circles in Figure 10a or Figure 11c . We have also evaluated candidates for the c(4 × 2) phase that have ideal coverages above 0.25 ML, although our exploration of this higher-coverage range is more limited. Several candidates are shown in Figure 13 , with ideal coverages of 1.0, 0.75, and 0.5 ML. At a given coverage, there is always a configuration that is more stable than the best c(4 × 2) configuration. For example, at 0.75 ML, Figure 13d is the DFT energy-optimized structure for the model proposed by Kosteliz et al. 12 The chemical potential is not competitive with the alternative model in Figure 13c (nor with the baseline model at that coverage in Figure 5 ). Figure 13f is a modification of Kosteliz et al.'s model, but with two sulfur atoms instead of three in a c(4 × 2) unit cell. It is also not competitive.
Comparison of Approximations in DFT. The stability of the c(4 × 2) reconstruction, relative to the chemisorbed phase, has been checked using different approximations in DFT. Table 1 shows μ S u for the chemisorbed p(2 × 2) and the c(4 × 2) reconstruction, both of which have coverage of 0.25 ML, for a variety of approximations. For reasons of efficiency and numerical accuracy, these values of μ S were calculated with respect to the unreconstructed surface phase of Au. More specifically, the c(4 × 2) supercell does not allow for (1 × 2) missing-row reconstruction. Therefore, calculating μ S with respect to the reconstructed surface must involve energetics from different supercells, and this approach requires more stringent convergence conditions. Hence, it is more straightforward and more accurate to make these particular comparisons using μ S u rather than μ S r (see also Supporting Information). It can be seen that the c(4 × 2) phase is more stable than the chemisorbed phase, for all approximations except the LDA and PBEsol. In fact, the c(4 × 2) phase is most favored, by as much as 0.045 eV, when van der Waals interactions are included. We conclude that this result is quite robust.
Domain Boundary. The c(4 × 2) domains are notable for their high level of perfection. However, on one occasion we observed the boundary between two coplanar regions shown in Figure 14a . The two domains are displaced by 1a 1 and 1.5a 2 . The boundary consists of linear segments at angles of 0°or ±33 ± 1°to the [11̅ 0]. The segments parallel to the [11̅ 0] have a zipper-like appearance. One is shown close up in Figure 14b . The model in Figure 14c yields a simulated STM image ( Figure  14d ) that compares well with experiment. In fact, the model is patched into the middle of the STM image in Figure 14e . The boundaries at ±33°are not equivalent, being either bright (+33°, Figure 14f ) or dark (−33°, Figure 14i ). In each case, a structural model provides a reasonable match to the experimental data, as shown. We note that the images are dominated by the bright sulfur adatoms, so the positions of the Au atoms, especially in the ±33°boundaries, are not necessarily unique. Nonetheless, the compatibility of the proposed model for the c(4 × 2), with all of the experimental domain boundaries, supports the validity of this model.
DISCUSSION
The most important result from this work is the observation and identification of the c(4 × 2) phase. Under the conditions of our experiments, it coexists with S ad in a dilute, disordered, chemisorbed phase on the (1 × 2) reconstruction. Below, we discuss the chemisorbed phase first, then the c(4 × 2) phase, and the relation between the two.
The adsorption site in the chemisorbed phase is a p3fh site created by 2 Au atoms in the top of a row, and 1 Au atom on the side of the (111) microfacet (trough). Our work is the first observation of S ad via STM in this phase. It reinforces an earlier identification of this same adsorption site in a p(4 × 2) chemisorbed phase that was produced under conditions significantly different from ours. 15 Also, S ad occupies the identical adsorption site in a p1g1(2 × 2) chemisorbed phase on Ir(110)-(1 × 2), 34, 35 a substrate that is structurally similar to Au(110)-(1 × 2). This stands in contrast to earlier conjectures, which placed S ad at the bottom of the trough on (1 × 2) reconstructed surfaces, 14, 34 analogous to its known site on (1 × 1) surfaces. 36−39 The p3fh site adopted on the Au(110)-(1 × 2) surface is crystallographically similar to an fcc site on an extended (111) surface. We find that the next-most-stable site is a p3fh site Figure 13 . Structure, simulated STM, and μ S u for selected configurations with c(4 × 2) periodicity and with different sulfur coverage. Table 1 . Chemical Potentials, μ S u , for the p(2 × 2) Configuration of S/(1 × 2) and for the c(4 × 2) Reconstruction; Both are Illustrated in Figure 5 , at θ S = 0.25 surface phase for which μ S u is given LDA PBE The Journal of Physical Chemistry C Article equivalent to an hcp site. This order of site preferences, fcc > hcp, is the same as that on an extended Au(111) surface. 29, 40, 41 The occupation of a single adsorption site means that the chemisorbed, equilibrated phase can be described as a lattice gas (LG). We have constructed a rudimentary LG model based on excluded pairs of sites determined from DFT. The set of excluded pairs of sites agrees well with the STM observations. Monte Carlo simulation then provides a reasonable qualitative match with the experimental data, although both the model and the data are too limited for quantitative analysis.
Because equilibration requires diffusion, we have calculated diffusion barriers and diffusion pathways for this system, using NEB and DFT. The magnitudes of the barriers allow us to estimate that parallel diffusion stops at about 220 K, and perpendicular diffusion at 280 K, which is compatible with the assumption that the STM images represent equilibrated configurations (Section 3.2) . Furthermore, the results are a new contribution, since diffusion of nonmetallic adsorbates on anisotropic fcc(110) surfaces has received little attention, either experimental or theoretical. By contrast, a significant body of data exists for metallic adatom and cluster diffusion on surfaces. 42 For metal adatoms, hopping parallel to the rows is usually easier than hopping perpendicular to the rows (barring exchange). This is because perpendicular diffusion requires hopping over the low-coordinated metal atoms at the tops of rows. But for S ad diffusion on Au(110)-(1 × 2), we find that hopping over the tops of rows (Figure 8b ) has the lowest barrier, lower than hopping parallel to rows (Figure 8a ) or even across troughs (Figure 8c ). Another interesting observation is that the diffusion pathway across the trough is complex. The S ad first moves parallel to the row, then crosses the trough, then moves parallel to the row again to reach an equivalent site.
Turning now to the c(4 × 2) phase, in this paper we propose a new structural model. Its ideal coverage is 0.25 ML. It is a displacive reconstruction in which p4fh sites are created for S ad . The experimental data strongly support a displacive phase (in which the Au atom density is preserved and only local displacements occur), since the c(4 × 2) phase is perfect over large scales. The model also provides a very good match with experimental STM images, not only for the extended perfect structure (where it even reproduces faint features due to diagonally contiguous Au atoms), but also for a domain boundary between c(4 × 2) regions. From DFT, it is more stable than the corresponding chemisorbed phase at 0.25 ML. This conclusion has been tested and validated for a variety of different functionals in DFT, including two that incorporate van der Waals interactions. The conclusion is not supported with a lower-level functional, LDA, nor with PBEsol, which is known to give worse results for adsorbate systems than for pure metal surfaces. 43 In fact, from DFT, the c(4 × 2) is energetically favored over the chemisorbed phase even at much lower coverage. From Figure 5 , μ S u for the c(4 × 2) phase falls below the value for the chemisorbed phase at 0.06 ML. The data in Figure 5 are valid only at T = 0 K, and at real temperatures, the chemical potential also includes an entropic term. The configurational entropy of the chemisorbed phase is clearly higher than that of the c(4 × 2) phase. Thus, as T increases, the entropic term will drive μ S u lower for both phases, but this will occur more strongly for chemisorbed sulfur than for the c(4 × 2) phase. Nonetheless, the DFT result is in accord with experiment, where the coverage of sulfur in the chemisorbed phase is only 0.06 ± 0.03 ML when the two phases coexist. This indicates that entropic terms may not be too large, at least at the temperature at which the structures are quenched in the experiments.
The ideal coverage of the c(4 × 2) phase deserves comment. It is lower than the coverage of the previously accepted model, a coincidence lattice with ideal coverage of 0.75 ML. In Section 1, we reviewed the existing literature and noted that, from the calibration of Kostelitz et al., 12 at 300 K, the c(4 × 2) phase coexists with the chemisorbed phase between 0.08 and 0.36 The Journal of Physical Chemistry C Article ML, exists alone between 0.36 and 0.54 ML, and disappears by 0.6 ML. Reconciling our model with these values is problematic. A downward adjustment by (roughly) a factor of 2 would bring the earlier values into alignment with the new model, but the justification for such an adjustment is unclear. Another explanation could be that there are two stable c(4 × 2) phases, one having coverage above 0.25 ML, but from our exploration of higher-coverage structures via DFT (Figure 13) , this is unlikely.
Coexistence between phases is evidence of a first-order transition, for which nucleation-and-growth is expected. However, we observe c(4 × 2) domains with a size and degree of perfection that are unexpected for such a process, at least at the moderate temperature of 300 K employed here. We postulate that the two-dimensional interfacial energy between c(4 × 2) and (1 × 2) phases is very high, so that small regions of c(4 × 2) phase are unstable. Thus, the critical size is large, leading to the large domain sizes observed.
CONCLUSIONS
The main result of this work is the direct observation of the c(4 × 2) phase of sulfur on Au(110) with STM and its structural assignment with DFT. Experimentally, we find that the c(4 × 2) phase presents as large and near-perfect domains, in coexistence with a low coverage (0.06 ± 0.03 ML) of chemisorbed phase on the (1 × 2) reconstructed Au surface. From DFT, a uniquely strong structural candidate emerges: A checkerboard reconstruction, with an ideal coverage of 0.25 ML, which can be achieved by short-range displacements of Au atoms from the (1 × 2) structure. This contrasts an earlier model with ideal coverage of 0.75 ML. We posit that the large domain size reflects high interfacial energy between the c(4 × 2) and the (1 × 2) phases.
In the chemisorbed phase, S ad occupies a p3fh site along the side of the troughs. The barriers for long-range transport perpendicular and parallel to the rows are 0.61 and 0.78 eV, respectively, from nudged-elastic-band calculations. DFT is used to construct a simple lattice gas model based on pairs of excluded sites. The set of excluded sites is in good qualitative agreement with STM data. 
